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In recent years, great strides have been made toward

correcting the largest error in inertial Angle of Attack

(AoA) measurements in wind tunnel models. This error

source is commonly referred to as "sting whip" and is

caused by aerodynamically induced forces imparting

dynamics on sting-mounted models. These aerodynamic

forces cause the model to whip through an arc section in

the pitch and/or yaw planes, thus generating a

centrifugal acceleration and creating a bias error in the
AoA measurement. It has been shown that, under

certain conditions, this induced AoA error can be greater

than one third of a degree. An error of this magnitude far

exceeds the target AoA goal of 0.01 ° established at

NASA Langley Research Center (LaRC) and elsewhere.

New sting whip correction techniques being developed

at LaRC are able to measure and reduce this sting whip

error by an order of magnitude. With this increase of

accuracy, the 0.01 ° AoA target is achievable under all
but the most severe conditions.

Until recently, LaRC has not had the opportunity

to independently verify the validity of these sting whip

correction systems under wind tunnel test conditions. In

January 2001, a testing opportunity presented itself at

the Langley 16-Foot Transonic Tunnel (16-FF TI')

where two video photogrammetric systems and an arc-
sector AoA sensor corrected for sting deflections were

available for verification. These systems are not affected
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by model dynamics. Additionally, there were two sting

whip systems employing two different correction

techniques mounted in the model at different dynamic

radii. This configuration allowed for four comparisons

to either sting whip system.

The same acceleration that causes an error in the

AoA measurement also acts on the model and induces

an error in the balance axial force reading. An

extrapolation equation was derived that uses the

measured acceleration generated by a sting whip

correction system to scale the correction to any location

along the model's length. This enables the user to

correct for errors in the balance reading or errors induced

in any other acceleration sensitive device. Having two

sting whip systems in this test supplied a means to

check the extrapolation technique. This technique has

been successfully demonstrated in the lab but did not

compare favorably with the sting whip measurements in
the first tunnel test.

In getting to this degree of accuracy, LaRC

researchers have been through several iterations of sting

whip system configurations over the past three years.

The process involved several arrangements of sensors,

AD/DA boards, filtering techniques, software versions

and computer systems with each configuration having
its merits with regard to accuracy, cost, reliability, and
size. As this research effort comes to an end, the

following paper will discuss in detail the verification

setup, test and results, and the concept of being able to
correct for centrifugal accelerations anywhere along the

model axis and latest version of the sting whip system.

Test Objectives

The tunnel time to run this test was donated to the

sting whip cause by the management of the

Langley 16-Foot Transonic Tunnel. Hence, this was a

stand-alone test and not piggy-backed on another test.
With this in mind we were able to set the test
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parametersto furthervalidationof the sting whip
correctingAoAmeasurementsystem.

Thefirstobjectivewastoverifytheaccuracyof the
stingwhipcorrectingAoAmeasurementsystemwith
an independentdevice.Thesecondobjectivewasto
verify that the extrapolationtechniquepredicts
centrifugalaccelerationat anyotherpointalongthe
modelaxis.

Test Setup

LaRC inertial AoA sensor mounted in the strut and

corrected with calculated sting deflections based on

balance output. The other two systems were sting whip

correction systems referred to as QS 1 and QS2.

The VMD systems were located outside of the test

section and plenum, and looked through a window at a
series of 1/2 in. diameter retro reflective targets located

on the side of the fuselage. QS2 and QSI were located

inside the fuselage 11.983 in. and 24.379 in.

respectively in front of the model CG.

The test occurred in the Langley i6-Foot Transonic

Tunnel. This tunnel is a closed loop system capable of

transonic speeds up to roach 1.2. The test section has an

octagonal cross section roughly 16 ft in "diameter."

A high-speed research (HSR) model was u_d for
the test. It was mounted on a sting arc sector

configuration with remotely controlled pitch
capabilities. The test plan called for a pitch range from

-4 ° to 10 ° in two degree increments set randomly to

help guard against systematic errors. The speed ranges

were set at M = 0.0, 0.3, 0.8, and 0.9 to give a varying

degree of sting whip error. The random polars were run

at each roach number and repeated three times with the

M = 0.0 polar occurring at the start _uad end of the test
and after each mach number set. The first and last wind-

off polars were performed with the additional use of the

AoA "reference" angle measurement system (AMS)
attached. This facilitated the calibration of the AoA

systems and allowed for corrections of any bias shift

that may have occurred during the test. This test

configuration would yield a wide range of dynamic

conditions to investigate.

St,rOt Moontcd AoA Corrected For Sting Deflections

The strut mounted AoA corrected for the sting

deflections method of measuring AoA was convenient

due to infrastructure being already in place (inertial

accelerometer in strut and equations in DAS), but was

not necessarily an accurate method. One possible

explanation for the inaccuracy is that the sting
deflections are based entirely on balance output. 2 This

only takes into account the forces acting on the model

and not on the sting itself. A preliminary investigation
into the forces acting on the sting and the resulting

deflections was performed. This analysis showed that

there can be significant sting deflections due to forces

acting on _the m0dei_supp0rt system, but does not

account for all of the inaccuracy. Therefore, we left this
AoA estimate out of our best estimate of AoA. To

establish our best estimate of AoA, we averaged the two

VMD estimates with the two sting whip estimates.

Then, subtracting that from the sting deflection

estimate, there is a big discrepancy. This di_repancy is

depicted along with the predicted amount of sting

deflection due to the wind impinging on the sting in

Figure 1.

There were five AoA devices used in the test. Two As a result of this phenomenon, the sting
were video model deformation (VMD) systems with deflection estimate of AoA was not included as part of

AoA measurement capabilities. 1 One was a stan "dard the best estimate=for the AoA reading.
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:: Figure 1. Sting deflection due to wind-on sting.
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Equations Aqceleration Extraoolation;

Sting Whip Correction Equations:

The equations are presented below in both the
corrected and uncorrected form. In doing so the sting

whip correction amount can be established by taking the
difference between the corrected and uncorrected values.

The uncorrected equation, shown as eq. 1, is the
standard form that has been u_d at LaRC for many

years.

• Bq.,,IQSI, =asm] ..... _ (I)
Sqsi

QS l AoA corrected for sting whip is:

PitchqsI = asm[[--]]---_ k - / (2)[_ Sq_l 562]j -¢

The uncorrected QS2 is handled in the same way as

the QS i.

Qs2. = asin( Vq_2 - Bqs2
(3)

The QS2 correction differs from QSI in the

correction term. It is in terms of yaw and pitch g's.

Gv/p 572.96 Juu

Once the g's have been measured, they can be put

into the QS2 equation to obtain the AoA measurement

corrected for sting whip.

where:

- _ (5)

QS 1ulQS2 = QS 1, QS2 AoA uncorrected

VqsllVq,,,2 = QSI, QS2 AoA sensor voltage

Bqsl/Bqs2 = QS1, QS2 AoA sensor bias

Sqsl/Sqs 3 = QSI, QS2 AoA sensor sensitivity
= QS 1, QS2 AoA sensor offset

PitchqsjPitchqs2 = QSI AoA sting whip corrected
C(V) = correction voltage

t = temperature sensor

Ii1 1969, Dr. Frank W. Steinle Jr. conducted a test

that demonstrated the existence of a centrifugal

acceleration acting on a sting-mounted model. 3 He

concluded that "random motion of a sting-model support

system can induce a thrusting bias error to axial force,

and hence drag, measurement." The same centrifugal

acceleration experienced by the balance axial also
influences the inertial AoA accelerometer. This

acceleration can be measured and corrected for at the

AoA sensor and can also be extrapolated to correct for

the acceleration acting on a secondary accelerometer or

even the balance axial output. The extrapolation

equation can be derived easily using Figure 2.

Dynamic
center r-,, M(u,lcl

of ',, ",,.,_ CG
__. ,_' ............................ ,r ---_-_.L__. __

............. _ ........ -2f ....

r+A

Figure 2. Extrapolation equation model.

From this figure the centrifugal acceleration at the

model center of gravity (CG) is calculated using:

where:

,.j

acg ,= ¢o"r (6)

co= angular rate
r = radius

The centrifugal acceleration at the AoA sensor is:

aAo A ,= co2(r + A) = COV (7)

Since the r term is difficult to measure, we take

equation 7 and solve for r to get:

V - coA V
r A (8)

co co

Then, substituting the solution from equation 8

into equation 6 for r we get the acceleration in terms
that are much easier to determine.

-, V
acg = m'(_- ° - A) (9)
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Simplifying equation 9 gives us an equation in the

form of a straight line.

acg ffitoV - to 2A (10)

Where toV is a known acceleration point, to2 is the

slope value for the acceIerati0n and h is the distance

along the model axis from the AoA sensor. After

applying conversion and scaling factors to the output of

the sensors, equation 10 becomes:

Corr(V) Slope(V)
+ --A (ll)

acg 573 1932

Here the Corr(V) is the correction voltage at the

AoA sensor and Slope(V) is the voltage designating

acceleration change per unit length along the model.

Theoretically, this approach is independent of the
vibration mode or modes. Since the accelerometers are

on board the model and being exposed to all vibration
modes, the result should be a combined effect and yield

an effective to and V at any point in time.

Data Analysis

Wind tunnel model AoA is a difficult quantity to

measure. All measurement systems are subject to

various biases and errors. Some of the systems suffer

from sting whip related problems, some have

rectification problems and some have resolutions
difficulties and etc. With an absence of an absolute

reference for measuring AoA under dynamic conditions,

the average of the two video and the two sting whip

corrected readings were taken as the reference for each

data point.

Bias shifts were tracked at several points during the

test using the LaRC Angle Measurement System

(AMS) as a reference while performing a wind-off polar.
Under these conditions, the AMS is accurate to within

0.002 °. The AMS package was attached to the model

leveling-plane at specific times during the test

compared to each instrument. This procedure was

performed before and after the portion of the test that

compared the AoA readings. The before and after biases

of each instrument were averaged and the offsets were

applied to the data.

The plots in the results section below for AoA
verification show the difference between the bias

corrected individual instrument measurements and the

averaged value. One plot illustrates the severity of the

sting whip magnitude by showing the difference

between the averaged AoA value and both the sting

whip corrected and uncorrected values for QS I and QS2.

Having two sting whip packages in the mc_el

located at different fuselage stations made a nice

reference for the extrapolation technique. By knowing
the correction amount at two different locations and the

distance between them, the extrapolation slope can be

determined. This was then compared to the calculated

extrapolation using the equations above.

The best result to show first is the sting whip

magnitude and how Well -the correction system works.

Showing the magnitude is important to the verification

because if there is just a low level of sting whip, then
we are demonstrating the effectiveness of the AoA

sensor instead of the sting whip correction system. The

magnitude of the sting whip induced AoA error and the

correction capabilities of the sting whip system are

shown in Figure 3. This plot shows both QSi and QS2

with the sting whip corrected and uncorrected values.

These values are from M = 0.9 (the mach number that

generates the most sting whip error), have been
subtracted from the best AoA estimate, and are shown

as absolute values for clarity. This plot clearly shows

significant error in the uncorrected AoA measurement.

The largest error in QSI is nearly 0,2 ° and the largest
error in QS2 nearly 0.1".

,g,

!
I
|

[

.S

<

<

-0.05
> -6

<

-'-*"" QS2U
-..o.- QsIU
+ QS2C
--o-- QSIC

0.25

0.20 [
0.15 __

0.05 ............ t
o.oo............... .LI...........

l
_,t -2 0 2 4 6 8 10

AoA, deg
12

Figure 3, Corrected and uncorrected magnitude January 2001, M = 0.9.
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In all cases the uncorrected values are greater than

the required AoA measurement accuracy of 0.01 °. For
the corrected values, all are within the 0.01 ° threshold

with the greatest magnitude being 0.0073" for the QS 1
sensor at the -4 ° alpha position. Although these

numbers are generally representative of previous wind

tunnel tests, the corrected values at the high alpha

positions (high sting whip induced error positions)

usually fall within 0.01 °

Another method of showing the accuracy of the

sting whip correction system is to plot QSI, QS2, aJ_
the two video estimates with the best estimate of alpha

subtracted out. This is shown in Figure 4 below.

0.03

0.02

1.2

O.OI

.<
O

< 0.oo

-0.01
-6

---0---- QS2
--_-- QS1
-4-- Vid C
---x--. Vid S

I J

k

.--.< -.. _., 3.
t .... .,-?'2.1

,,//7 "-I"

o.-

,................_

/
I

l

' o.-- .

-4 -2 0 2 4 6 8 10
AoA, deg

Figure 4. 16-FT TT AoA errors January 2001, M = 0.9.

In this figure there is good AoA agreement between

the video estimates and the sting whip corrected

estimates. All of the data points shown are within 0.01 °

except for one of the video points.

The results from the extrapolation test are shown in

Figure 5. This figure shows that the extrapolation is

not quite as good as we had hoped. The extrapolation
correction is off by 0.048 ° at QS2 and by 0.094 ° at the
model CG.

Lab results performed on a dynamic rate table
showed much better correlation between a _condary

accelerometer and the extrapolation from a sting whip

package. Investigations are currently under way to

12

determine if simultaneous yaw and pitch motion and if

multiple vibration modes are contributing factors. Other

potential sources of error are sensor accuracy and the

assumption that the model is a rigid body. Any or all of
these could contribute to the errors we observed.

Since the AoA data compared favorably, it is
reasonable to assume that the correction amounts from

QSI and QS2 are correct. Given this, we feel that the

plot of the extrapolation correction line that passes

through the QS I and QS2 corrections in Figure 5 is the
best. The balance axial correction from this slope

calculates to be 0.003% of full scale (well below the

stated accuracy for the axial on this balance of + 0.12%

of full scale). For this model and support system the

Figure 5.

0.I

o.o

e,-

= Delta K

._ 0.094 - '_
-0.2

C,

L)

Measured

Extrapolated I

-Model
CG

,_$2 :QSI

!

-0'335 30 25 20 15 I0 5 0 -5

Distance from QS1, in.

16-FT "IT Measured correction and extrapolation January, 2001, M = 0.9, AoA = 10°.
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axial correction is very small because of the proximity

of the vibration node to the model CG. This may not be
the case for all models in all tunnels.

The primary reason for the test was to validate the

accuracy of the sting whip correcting AoA measurement

system in the presence of a sizable sting whip error.
Data pre_nted above clearly shows the ability of the

systems to correct for sting whip induced bias errors in
the AoA measurement. The systems generally remove

85% to 90% of this error, which brings all but the
extreme cases to within the 0.01 ° accuracy target at
LaRC.

Having less overall sensitivity shift and pairing sensors

with nearly the same shift minimizes this effect.

Some other benefits of the MEMS sensors are:

they have static output making them much easier to

calibrate, they are considerably cheaper, the signal

conditioning is simpler, and they have a higher signal
level. There are two main detractions to the MEMS

sensors: the need for individual voltage regulators when

using a common power feed, and there is no connector

on the sensor so the leads have to be manually mldered

onto the terminals. The benefits of MEMS far outweigh
the detractions.
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